Popocatepetl Volcano is potentially devastating to populations living in the greater Mexico City area. Systematic monitoring of fumarole gases and flanking thermaVmineral springs began in early 1994 after increased fumarolic and seismic activity were noticed in 1991. These investigations had two major objectives: 1) to determine if changes in magmatic conditions beneath Popocatepetl might be reflected by chemical changes in fumarolic discharges and 2) to determine if thermaVminera1 spring waters in the vicinity of Popocatkpetl are geochemically related to or influenced by the magmatic system. This report summarizes results from these two discrete studies.
I. INTRODUCTION
Popocatkpetl (5450 m) is an andesitic stratovoican0 located in the eastern half of the Trans-Mexican Volcanic Belt, 70 km SE of downtown Mexico City (Fig. 1) . The last major Plinian eruption occurred ca. 1200 years B.P., and a recent eruption ) built a dacitic dome in the crater (Siebe et al., 1996) . After noting increased seismicity and fumarolic activity in 1991-1994, we began to monitor the fumarolic emissions around the crater and therrnal/mineral springs flanking the southern side of the volcano. Fumarolic emissions were studied using alkaline traps placed around the crater rim. These traps contained a solution of 4N KOH, which dissolved volatile acids and volatile metals from the surrounding air. Alkaline traps were sampled monthly beginning February 1994 until the ash eruption on 2 1 December 1994. Since this date, collection of alkaline trap solutions has not been possible due to unprelctable eruptive activity. Four COSPEC determinations of SO, flux in the plume were made before the eruption began, and four measurements were obtained in late December 1994. Subsequent COSPEC deterrninations of Popocat6petl SO2 emission rates are not included in this report.
Monitoring of springs located on the southern flank of Popocatepetl commenced in April 1994 and continued through June 1995. Spring samples were collected to determine if fluids are partially derived from a hydrothermal system within the volcano and to determine if temporal changes due to recent eruptive activity affect the fluid chemistry.
The purpose of this report is to present and analyze data collected during the fumarole and spring monitoring efforts on Popocattpetl. Each effort is discussed separately. We consider if observed changes in volatile discharges are related to injections of mafic magmas into an existing silicic magma chamber and if monitoring of volatiles and trace metals is useful for forecasting eruptions. In addition, we investigate possible relations between the spring waters and the magmatic system and determine if the spring waters originate from a high-temperature (2 200°C) hydrothermal system.
REGIONAL GEOLOGY AND BACK-

GROUND ON POPOCATEPETL
Popocatepetl ("smoking mountain" in Nihuatl language) lies in the eastern half of the Trans-Mexi- Robin and Boudal, 1987) .
can Volcanic Belt (TMVB). The TMVB runs approximately west-east from the Pacific Coast to the Gulf of Mexico (Fig. 1) . The belt averages 900 km in length and 100 km in width. The Middle America Trench lies south of the TMVB, varying in distance from 350-450 km in the east to 200 km in the west (Robin, 1982) .
Popocatepetl is located in the southern portion of the Sierra Nevada, which borders the southeast margin of the Valley of Mexico (Fig. 1) . Other volcanoes in the Sierra Nevada include Iztaccihuatl (5,286 m) located 15 km north of Popocatkpetl. The Valley of Mexico is an enclosed basin located in the central portion of the TMVB and is about 100 km long by 30-60 km wide (Mooser et al., 1974 ). Nixon and co-workers (Nixon et al., 1987; Nixon, 1988a Nixon, , 1988b Nixon, , 1989 described the geology around the Valley of Mexico and Iztaccihuatl and proposed that the earliest volcanism in the area began about 1.7 Ma. Based on K-Ar dating of lavas, Nixon determined that eruptive activity at Iztaccihuatl began before 0.9 Ma and continued until approximately 10 ka. Rock types found at Iztaccihuatl are predominantly calc-alkaline andesite and dacite that display mineralogical and chemical evidence for mixing of a dacitic magma with a mafic end-member.
Initial work on the evolution, petrology, and dating of Popocatkpetl was completed mainly by Negendank in the 1970s and 1980s . Eruptive history of Popocatkpetl has been divided into two periods: (1) the birth (probably c0.78 Ma; Delgado et al., 1988) and construction of an ancient stratovolcano, Nexpayantla, and (2) the most recent volcanism creating the modern volcano. Nexpayantla differed from the modern cone in that it had a large (30-km) base, was mainly effusive, and was active for several hundred thousand years (Robin, 1984) . Peak elevations reached about 5000 m before collapse and crater formation. The primitive cone is exposed on the northwest and west flanks of the volcano and is marked by a change in slope (Boudal, 1985; Negendank, 1972; Robin and Boudal, 1987) .
We now know that the present cone is not the first huge volcanic edifice that evolved at this site. At least three successive debris-avalanche deposits that fan out towards the south are evidence for the previous existence of large cones that were destroyed by gravitational collapse. Dates on debrisavalanche deposits related to the last collapse range between 24,000 and 19,000 years B.P. (Siebe et al., 1995a (Siebe et al., , 1995b . Explosive and effusive activity continued for 20,000 to 10,000 years with explosive activity occurring in cycles of 1000 to 3000 years, as determined by C-14 dating of pyroclastic deposits on the modern cone (Cantagrel et al., 1984; Boudal and Robin, 1988; Siebe et al., 1996) . Major eruptions occurred between 3195 to 2830 BC, 800 to 215 BC, and 675 to 1095 AD (Siebe et al., 1996) . The only post-European historic activity took place between 1920 and 1927, emplacing a dacitic dome (215 m) in the present crater during 1920-21 (Waitz, 1921) . Explosive activity commencing in December 1994 did not erupt significant volumes of juvenile magma (Delgado et al., 1995a) but caused the temporary evacuation of 75,000 people when the first major explosions occurred.
The Sierra Nevada is known to overlie Tertiary sedimentary and volcanic terrain (Mooser, 1974) and Cretaceous carbonate and evaporitic rocks. These deposits are not exposed in the Valley of Mexico but are found 2,000 m below the surface. Cretaceous strata are exposed as isolated outcrops related to horst and graben fault structures at distances more than 20 km south of Popocatkpetl summit. These deposits are surrounded mostly by lahars and debris-avalanche deposits from Popocatkpetl.
ALKALINE TRAPS AND FUMAROLE MONITORING
Methods and Procedures for Collection and Analysis of Alkaline Trap Samples
Fumarolic emissions at Popocatkpetl were monitored from February to December 1994 using alkaline traps and remote COSPEC. Alkaline traps were sampled monthly and COSPEC flux measurements of the SO2 content of the plume were made in February, May, July, and November before the 21 December eruption. Additional COSPEC measurements were made on 23 to 29 December 1994.
The alkaline trap method was initially used to collect wind-dispersed volcanic vapors by Noguchi and Kamiya (1963) and was further employed by Williams et al. (1990) and Italiano et al. (1991) . Traps are used to monitor fumarolic emissions over a sampling interval, allowing for indirect observation of absolute concentration and flux changes with time when direct sampling is not feasible. Italiano et al. (1991) presented a generalized function showing that the concentration of any volatile species fixed in the trap solution is dependent on six factors: sampling interval, volatile flux from the fumarolic source, meteorological conditions, geometry of the trap, surface area of the trap solution, and absorbance efficiency of the trap solution. Volatile concentrations in the trap are also affected by exponential dilution of fumarole gas by air with increasing distance from the source (La Guern and Faivre-Pierret, 1982) . Furthermore, some gas components undergo reactions after fumarole discharge. For example, sulfur gases react with oxygen in air or react in the large temperature gradient between the fumarole vent and ambient air to form new gas compounds and sublimates. HC1 is very water soluble and can be "rained out" before reaching the trap solution. In spite of these limitations, the flux of volatile species from the volcano may be so large (>1,000 t/d) that the alkaline traps collect representative samples when direct fumarole sampling is too dangerous.
Seven alkaline traps were placed around the crater of Popocatdpetl: two just inside the lower crater rim, three on the crater rim, and two just outside the crater (Fig. 2) . Major, high-temperature fumaroles are only found inside the crater and were considered too dangerous to sample directly (Fig. 3) . Sampling of the gas plume rising from the crater was complicated by regional wind directions, generally trending to the east in the fall-winter and to the west in the spring-summer (Delgado et al., term intervals are averaged. High-frequency variations in activity are not recorded. 1995b). The alkaline traps consisted of a plastic beaker approximately 20 cm high by 15 cm in diameter containing 500 ml of 4N KOH (Fig. 4) . The trap was placed beneath an inverted, ventilated bucket, which allowed gases to contact the caustic solution, yet protected the trap from precipitation and large particle contamination. The caustic solution absorbed reactive gases (COZ, S02, H2S, HC1, and HF) and volatile metals (As, Hg, etc.) . Other fumarolic components such as He, H2, 0 2 , Ar, N2, CO, and CH4, however, were not absorbed by the caustic solution and were thus lost to the atmosphere. Some CO may have reacted with KOH to produce formaldehyde, but this constituent was not analyzed. The loss of these various gases is one disadvantage of alkaline trap sampling compared to direct sampling in which all fumarolic gas species are captured.
Methods of chemical analysis and detection limits for species analyzed in trap samples are listed in Table 1 . Samples were analyzed for C1, C03, F, SO4 (reported as total S), As, and Hg concentrations ( Table 2) . Aliquots of the trap solutions were prepared and analyzed for carbon and sulfur isotope compositions using methods described in . Active volcanoes which have been closely monitored during eruptive episodes usually show short-term variations (Tedesco, 1995) , which were evident in chemical and isotopic components of fumarolic emissions. Because alkaline trap data reflect emissions over the sampling interval, variations due to very short An atmospheric blank was set out away from the volcano to estimate background levels of the measured constituents. This blank absorbed negligible amounts of all constituents except C02. Gerlach et al. (in press) found that the C02 background concentration at 6000 m elevation in the vicinity of Popocatkpetl was 5% higher than typical atmospheric levels, probably due to air pollution from Mexico City and Puebla.
Gas Geochemistrv of Alkaline Trap Samples
Chemical analyses of the alkaline trap solutions are listed in Table 2 according to sample number and date of collection. Also listed are ratios of C1, CO3, F, As, and Hg with respect to SO2 calculated from the total S content in the caustic solutions. The collection time intervals vary among sampling sites due to difficulties in obtaining the samples. Also, absolute abundances vary with location around the crater rim for any one collection period due to complicated wind patterns, as well as changing flux rates. In some cases, concentrations behave erratically among stations suggesting winds have blown dust and sublimates with variable chemical composition into some traps but not others. Such phenomena may explain why in June Sta. 2 has much higher F and S (from wind dispersed volatiles) but Sta. 5 has higher C1 and Hg (from dust?).
Plotting the total concentrations per day for all stations versus time reveals a complex data set (Fig.  5) ; general trends in chemistry, however, demonstrate a pattern of degassing throughout the sampling period. High total concentrations of S, F, and Hg (Figs. 5a, b, c) are observed for one or more stations in June and July. The plot of Adday versus time (Fig. 5f ) shows higher concentration in the earlier months of the year with lowering values toward mid-to late 1994. Cl/day is also highest in the earlier months, but a second peak is observed in the July collection (Fig. 5d) . The plot of C03/day versus time (Fig. 5e) shows variability for all stations, which probably reflects contamination with COz in the air as well as absorption of magmatic C02. A general decreasing trend in C 0 3 / day is observed, however, from March through May, and a peak is evident for several stations in June-July. The lowest CO,/day values are seen in the August through October collections. All plots except As/day and F/day show an increase in species abundance during the last sampling period, probably marking the onset of eruptive activity that began in December 1994.
Ratios of S/C1 and F/C1 have been used to forecast tentative eruptive activity (Noguchi and Kamiya, 1963; Italiano, 1991) . C1 ratio diagrams were completed for this study (Fig. 6 ) using the highest ratio of all stations for a certain collection period, thus reducing the noise of the lower values on each plot. Highest values for SIC1 and F/Cl correspond with highs in SO2 flux measured by COSPEC in July. C02/Cl, As/Cl, and Hg/Cl show respective highs in July. These highs correspond to a significant change in C1 concentration during these months as seen in Figure 5 . COSPEC measurements obtained in 1994 (Table  3) yield an average SO2 flux of about 2000 tons/ day (t/d), presently placing Popocatkpetl as one of the largest current producers of SO2 in the world (Delgado et al., 1995a) . Analyses of gas samples taken directly from fumaroles are often combined with SO2 COSPEC measurements of the volcanic plume to calculate fluxes of other gas components ( e g , Rose et al. 1986; the overall composition of the gas released from the volcano and that the sulfur species remain constant after entering the atmosphere. Also, diffuse emissions of gas (mostly CO2) sometimes found on the flanks of volcanoes (Baubron et al., 1990) are assumed to be minimal compared to the cumulative volatile budget. The flux calculation for this study was modified for alkaline trap sampling. First the ratios of absolute abundances per day of C1, C 0 3 , F, As, and Hg versus SO2 were calculated 
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Figs. 5a through f: Absolute abundances @pm) per day of constituents measured from the seven alkaline trap stations located around the crater of Popocat6petl. Note the three pulses of degassing: The first pulse produced a general trend of broad highs in C1, C 0 3 , and As during early 1994. The second produced peaks in S , F, and Hg during June 1994. The third produced increases in all components except As and F before the eruption in December 1994.
(listed in Table 2 ) using St,td concentrations from the alkaline trap solutions. The values were then multiplied by the SO2 emission rates determined from COSPEC measurements. CO3 concentrations in caustic solutions were converted to COZ for the flux calculation; however, these values are not reliable due to contamination of the trap solutions by C02 from the atmosphere.
Because only four COSPEC determinations were made during the time that the traps were in place, only the alkaline trap data for concurrent periods could be utilized. Four COSPEC measurements were obtained a few days after the eruption of December 21 and, for comparative purposes, the highest of these measurements (Dee. 24) is correlated with trap data from December 2. Calculated 
Figs. 6a through f a) SO2 flux measured by COSPEC in 1994; b through f ) C1 ratio diagrams using the highest value for a particular month from all alkaline trap stations. Highs in S/Cl and F/C1 occur before the high SO, flux measured on July 2, 1994. C03/C1, As/Cl, and Hg/Cl show respective highs after July 2. These highs are caused by a significant decrease in C1 concentration that began in May 1994.
maximum and minimum fluxes of five components Maximum flux levels greater than lo6 t/d for C02 from February, May, July, and November COSPEC are highly suspect because of atmospheric contamimeasurements are listed in Table 3 . Highest cal-nation as mentioned above. Using a LiCor gas culated flux values are observed during July and analyzer mounted in an airplane, Gerlach et al. ( in December when SO2 flux was highest. To our press) state that the average C02 flux from Januknowledge, these are the first flux measurements ary to June 1995 was at least 6400 t/d (C02/S02 = for As and Hg reported from alkaline trap data. 2). Williams (private communication) reports C02/ SO2 of 4 to 8 using ground-based GASPEC measurements taken in May 1996. These ratios indicate that C02 flux during 1994 probably never exceeded 25,000 tld.
Except for C02, the relative proportions of the major acidic components determined from trap samples are similar to those found at many other active and passively degassing volcanoes. For example, our flux values for Popocatepetl (using about 4000 t/d SO2 on December 24,1994) can be compared with published flux data from other calcalkaline volcanoes (Table 4) to get a rough estimate of the range of values expected during passive degassing events. Each constituent shows order of magnitude variations depending on the vigor of the volcano and its unique volatile composition. More detailed comparisons are beyond the scope of this report.
Sulfur and Carbon Isotope Geochemistrv of TraD Samples
Despite irregular sampling intervals and seasonal variations in meteorological conditions, the data clearly indicate major changes in fumarolic discharges (Figs. 5 and 6). Stotd and F increased fivefold in the June sample from the NW crater rim location. Smaller peaks in C02, F, and C1 concentrations are seen in other June-July samples, particularly from the SE. Extremes in 634S (Fig.  7 ) occurred in July samples from the NW (overall maximum 6.5%0) and the SE (minimum 2.3%0), followed by a steady increase through October in 634S from the SE (to 5.4%0). Coupled with increased seismicity and high SO2 flux (3100 t/d) reported in July, these data may indicate that mafic magma was injected into a reservoir of more silicic magma (discussed below). The higher 634S values could also indicate a contribution of heavy sulfur derived from secondary sources (Fig. 8) . 634S analyses of native sulfur deposited near the crater, SO4 dissolved in the crater lake water, and gypsum from a regional evaporite deposit yielded values of 1.3, 18.6, and 16.4%0, respectively. Between October and early December, all locations had decreasing 634S values (to an overall minimum of 1.5%0), along with increasing Statal, C03, F, and C1 concentrations. These combined trends probably reflect gases released from magma prior to the eruption and a more primordial origin for the sulfur gases (mantle-derived sulfur 634S = 0 k 3%0, Rollinson, 1993 ; upper mantle =: +1.3%0, Ohmoto and Rye, 1979) . ' Value is average of maximum and minimum values shown in Table 3 . 
613C
Figs. 8a and b: a) Sulfur isotope compositions of natural sources compared with data from this study (adapted from Rollinson, 1993) . 634S values for trap samples range from 1.5 to 6.5%0. Values for sublimed sulfur in crater fumaroles, sulfate dissolved in the crater lake, and gypsum from underlying Cretaceous evaporites are 1.3, 18.6 and 16.4%0, respectively. b) Carbon isotope compositions of natural sources compared with data from this study (adapted from Rollinson, 1993) . 6I3C values for trap samples range from -25.8 to -9.3%0. A blank located outside the range of fumaroles (to measure atmospheric C02 contamination) yielded -24.4%0.
other published study of sulfur isotopes from alkaline trap samples, Williams et al. (1990) obtained an average value of +1.9&1.2%0 (n=5) for Nevado del Ruiz Volcano, Colombia.
6I3C values ranged from -25.8 to -9.3%0 (Fig. 7) , and generally decreased with increasing C03 contents, opposite of the expected trend for higher contributions of volcanic C02 (mantle 613C = -8 to -3%0 and a mean value = -6%0, Rollinson, 1993) (Fig. 8) . As the KOH solution trapped both atmospheric and volcanic C02, reaction kinetics apparently favored the light isotope (Craig, 1953; Rollinson, 1993) . C02 evolved from a blank placed on the flank of Popocat6pet1, outside the influence of fumarolic activity yielded 6I3C -24.4%0, much lower than the value expected for atmospheric C02 (-7%0; Craig, 1953; Ohmoto and Rye, 1979) . Although the air around Popocatepepetl is polluted with a 5% addition of C02 from urban combustion of fossil fuels, it is unlikely that the value obtained from the blank represents the 6I3C of local atmospheric C02. Kinetic fractionation by preferential absorption of isotopically lighter C02 is the dominant process in collecting C02 using alkaline solutions (see Craig, 1953, p. 71-72) . A set of 12 KOH blank solutions placed on the lab bench at the USGS in Menlo Park during analyses of the trap samples yielded an average613C value of -16%0.
In spite of these kinetic effects, the heaviest carbon values from the trap samples correspond to the October maximum in 634S for the SE traps. This peak in 6I3c is consistent with an increase in magmatic carbon but may indicate a contribution of carbon from regional limestone deposits being incorporated into the magma. Two locations show a trend towards higher 6I3C values (more volcanic in origin) in the two months prior to the eruption on December 1994. We conclude, however, that 6 3 4~ is more useful than 613c as an indicator of increasing of volcanic activity when monitoring fumarolic acid-gas emissions using alkaline-solution traps.
Volatile Variations and Evidence for Magma Mixing. Assimilation. or Shallow Degassing Degassing trends during 1994 (Fig. 5) showed early release of C02, C1, and As with later release of S, F, and Hg in June-July. Also, decreasing 634S in SO2 and increased emission of C02 and C1 relative to S, F, and Hg occurred prior to the eruption in December 1994. These observed variations of volatile components could be caused by an injection of mafic magma into a silicic chamber (Anderson, 1974) , ascent of magma where gases are released due to pressure changes (Gerlach, 1986) , or volatile addition from interaction of magma with secondary sources such as underlying evaporite and carbonate strata or altered volcanic rocks. These processes are not mutually exclusive and are discussed in more detail below.
Maama Mixing: Petrologic studies of lavas and ash deposits (110 ka) from PopocatCpetl give both chemical and textural evidence for mixing of relatively shallow dacite with deeper, more mafic, primitive magma (Boudal, 1985; Kolisnik, 1990 ). Kolisnik provides the most comprehensive listing of magma mixing evidence which includes (a) rare resorbed, forsteritic olivine crystals (Fo 90-7 1) in many samples, (b) reverse zoning in both clinoand orthopryroxene crystals with increases in AEh of 10 to 18%, respectively, (c) plagioclase phenocrysts (An 71-21) showing normal and oscillatory zoning and evidence of resorbtion and regrowth with sharp calcic enrichments of 10 to 37%, (d) the occurrence of quartz and olivine together in single samples, (e) fritted plagioclase textures, and (f) orthopyroxene reaction rims on olivines. One Popocatipetl lava shows evidence of magma mingling with light and dark magma interspersed throughout hand samples. Other samples show microscopic streaks of different groundmass colors indicating that mixing was relatively efficient.
These features are classic magma mixing textures (Eichelberger, 1975; Bacon, 1986; Stimac and Pearce, 1992) . As volatile-rich mafic magmas are injected into a more silicic and cooler host, the basalt is quenched, forcing crystallization and consequent volatile exsolution. Therefore, increases in total volatile output, increased concentration ratios, and decreasing 634S of released gases observed during June-July and prior to the eruption in December 1994, could indicate injection of mafic magma into the existing silicic reservoir. In addition, increased seismic activity observed during June 1994 could correlate with the upward movement and decompression of magma and the increased output of S , F, and Hg. Unfortunately, seismic data for the period are quite limited because only one station was located near the volcano, and no deformation information is available.
Although the absolute abundance of C1 is not high, the Cl/S02 data are particularly interesting because values are highest during the beginning of 1994 and before the December 1994 eruption. In a pioneering study on melt inclusions in arc basalts (high-alumina tholeiites), Anderson (1 974) found that inclusions in forsteritic olivine phenocrysts have considerably higher C1 values than in more ferric olivine crystallized after eruption. Anderson also proposed that undegassed mafic magmas are generally higher in C1 and S relative to water than more silicic magmas and that C1 preferentially degasses over S at higher pressures (greater depth; e.g., Gerlach, 1986) . Similar findings were reported by Metrich et al. (1993) for melt inclusions in olivines from very young alkali basalts at Mt. Etna. Thus, relative increases in C1 in the trap samples could be signaling periods of mafic injection.
Assimilation: Minor assimilation of volatile components from strata underlying the volcano is also a viable process. Some recent Popocatkpetl lavas, particularly the ca. 2300 year old basaltic andesite flow east of the mountain, contain a variety of xenoliths 520 cm diameter. Among these xenoliths are metamorphosed limestone and siliciclastic rocks partially converted to skarns (mineral assemblages of quartz+green hornblende+tremolite +diopside+sphene+garnet with residual carbonate and sedimentary layering). Since Cretaceous carbonates and evaporites underlie the volcano, their assimilation can provide additional C and S to the PopocatCpetl magma chamber.
Because S from gypsum in this source is highly enriched in 634S (+16%0) relative to mantle S , the decrease in 634S observed in alkaline trap samples over time could be explained by injection of mafic (relatively 634S depleted) magma into an existing, more silicic reservoir slightly pre-contaminated by Cretaceous sulfur. For example, if the magma initially contained only mantle S (at about 1%0 634S), raising the observed S-isotope value to 3.5%0 by digestion of gypsum requires that 16% of the total S comes from Cretaceous sources. If an average of 2000 t/d of SO2 is released during 1994, then 320 t/d could originate from digestion of rocks containing gypsum. Pure gypsum contains about 19% S by weight, but gypsum-bearing strata might average only 10% S by weight, which is at least two orders of magnitude more S than contained in most basalt to dacite magmas (Metrich et al., 1993; Wallace and Gerlach, 1994) ; thus, a relatively small amount of gypsum assimilation (51%) could profoundly influence the bulk S content and isotopic composition of Pop0 magma.
In their S-isotope study of coexisting anhydrite and sulfides in pumice from the June 1991 Pinatubo eruption, McKibben et al. (1992) showed that 23 anhydrite crystals varied in isotope composition from +3 to +16%0 634S. It was the conclusion of these authors that not all S in Pinatubo magma was of primary origin and that some S originated from hydrothermal anhydrite or from deep degassing of earlier magma batches.
Contamination of magma by hydrothemally altered (634S enriched) volcanics in the edifice or from sulfur dissolved as sulfate in the summit crater lake is not considered to be a realistic mechanism for isotopic enrichment of the gases. Xenoliths in previous eruptive products indicate that the magma chamber resides at depths well below levels of shallow alteration, and the crater lake was too small to make a significant contribution (50 m diameter by 3 m deep). As opposed to Pinatubo and many other arc volcanoes which display extensive hydrothermal alteration and have well-developed hydrothermal systems, Popocat6petl apparently has neither. Exposed alteration is 'restricted to the summit area. Shallow Degassing: Many experimental studies of silicate melts show that reduced pressures (and depths) allow volatile components to be released as free gas. A natural example of the process for mantle basalt was described by Gerlach (1986) who compared shallow degassing behavior of several volatile components with magma emplacement depth and structural position of magma within conduits and dike systems at Kilauea volcano. Although shallow emplacement of magma in the conduit of Popocatkpetl will facilitate volatile degassing, COSPEC data indicate that more volatiles have been released than can be contained in a reasonably sized volume of near-surface magma.
Eruptions since 1994 reveal that Popocatkpetl tephras and extrusions contain 62-64 wt-% SO2, very similar to Mount St. Helens dacite (Rutherford et al., 1985; Shevenell and Goff, 1993) . If Popocatkpetl magma contains about 4 wt-% volatiles, also like St. Helens dacite, then a 0.25-km-thick plug of magma (p=2.3 g/cm3) in a 0.25-km-diameter conduit contains about 1 x lo6 tons of volatiles of which 90% is probably water (Tedesco, 1995;  Table 3 ). On the other hand, Pop0 released a rough average of 2000 t/d SO2 for a period of at least 300 days in 1994. Because SO2 comprises no more than 5% of the total volatile content released from most silicic volcanoes (e.g., Table 3 ), Pop0 released roughly 1-5 x lo' tons of volatiles during 1994. Thus, it seems unreasonable that shallow plug degassing would produce the large volatile flux observed at Pop0 during 1994 and/or during events later than 1994. Most volatiles must come from a larger, convecting chamber, circulating at depth.
Implications for Eruption Forecasting
The alkaline trap method was not effective for eruption forecasting during recent events at Popocatkpetl due to logistical and analytical limitations. Servicing the traps required periodic trips by scientists who had to be trained in high-altitude mountaineering because the summit is over 5000 m elevation. After the volcano erupted in December 1994, servicing the traps on a regular basis was considered too dangerous. The samples were analyzed in the United States because appropriate ana-14 lytical capabilities were not available in Mexico. Time between sample collection and data acquisition was several weeks at best. Once acquired, however, the data showed significant changes in volatile chemistry that correlated with increased SO2 emissions and provided insight for magmatic processes. The alkaline trap method for monitoring volcanic activity is very useful in situations where direct fumarole samples are impossible to obtain and should be considered an important part of a monitoring program. Timely results could contribute significantly to the integrated data sets used in eruption forecasting.
IV. GEOCHEMISTRY OF FLANKING THER-MAL/MINERAL SPRINGS
Methods and Procedures for Collection and Analysis of Spring Waters
Weather in Central Mexico is characterized by a rainy season with almost daily precipitation during the months June-September, followed by a dry season that reaches its peak in March-April. Popocatkpetl has low-volume runoff and a few ephemeral springs on its upper slopes and more abundant springs with relatively high-volume discharge near its base. Discharge rates of these lower-elevation springs vary little over the year despite the strong seasonal variations in precipitation. These characteristics are easily explained by the high permeability of the young pyroclastic deposits that mantle the volcano. In contrast, Iztaccihuatl, to the north, has an abundance of small springs that feed small perennial streams on its upper slopes, and it lacks large-volume springs at its base.
Samples were collected from 13 springs at 10 locations around Popocatkpetl between April 1994 and June 1995. Ten springs were sampled periodically, and three springs were sampled only once. All spring locations are shown in Figure 9 , and photographs of two of the more renowned springs are shown in Figures 10a and lob. Springs are located as close as -6 km from the summit of Popocat6petl Volcano (Atlamaya) to as far as -60 km (Amatitlanes). Sampling methods varied for all collections through May 1995. Many samples for chemical analysis were collected without filtering or acidification for cation preservation, and many samples were stored for several months before analysis. For these reasons, some of the data reported in Tables 5 and 6 may not be reliable. Unstable constituents affected by inconsistent sampling and storage procedures include HC03, Ca, Mg, and Sr. However, standardized methods for collection and analysis (Trujillo et al., 1987) were used for the last sampling effort (labeled as MVT-# in both tables) completed in June 1995, and data on these samples are probably the most accurate for both major and trace constituents. Methods of analysis and detection limits for all constituents measured on spring samples are given in Table 1 . No tritium or stable isotope analyses were performed on spring samples collected between April 1994 and May 1995.
Ten springs were sampled in June 1995. Collection procedures for these samples were as follows. A set of four samples was taken at each site. Two chemistry samples, both in 125-ml low-density polyethylene bottles and sealed with Polyseal caps, were filtered through 0.45-pm-pore-diameter filter membranes using a hand-operated vacuum pump. One sample for cation, silica, and trace constituent analysis was acidified with high-purity HN03 to pH<2, and the other for anion analysis was left unacidified. Two isotope samples were left unfiltered and unacidified: one was collected in a 500-ml polyethylene bottle for tritium analysis and the other in a 30-ml glass bottle for 6D and 6l80 analyses. Both were sealed with Polyseal caps. Data recorded in the field included pH (using indicator strips), temperature, flow rate (estimated), and rock type from which the spring issues.
Maior CatiodAnion Analyses for Warm and Cold Springs
One objective for sampling springs was to monitor variations in spring chemistry potentially due to changes in eruptive behavior of Popocatkpetl. showing spring sampling sites in the vicinity of Popocatkpetl Volcano, Mexico.
Figs. 10a and b: a) Photograph of Claus Siebe sampling diffuse gases discharging from the large spring at Oaxtepec; b) photograph of the large spring at Agua Hedionda, which also discharges very little gas. The springs sampled in this study are all near neutral (PH 6 4 , range in temperature from 17 to 49"C, and show a variety of compositions. The data are used to divide the waters into three basic groups : 1) cold, dilute (low-C1 group), 2) higher temperature, relatively high-C1 (high-C1 group), and 3) mid-range C1 water that displays higher B concentrations than either of the other two groups (high-B group).
Of the cold, dilute waters, two springs (Axocopan and Atlamaya) are most representative of background compositions. These springs are located closest to the summit (6 and 20 km, respectively) and issue from volcanic or volcaniclastic deposits. Atlamaya is very low in total dissolved solids and is likely shallow, local meteoric water. This spring contains very low concentrations of SiO2, Na, and K, indicating short residence time underground. Values for Axocopan are higher, suggesting more time for water to react with the glassy volcanic rocks from which it issues.
Three other springs belong to the low-C1 group. Although all are relatively dilute and display similar chemistry, they have distinct characteristics. Amatitlanes has similar chemistry to Axocopan except for lower Si02 values, higher Ca and SO4, and slightly higher TDS. Ojo de Carbon A is a large spring, and Ojo de Carbon B is a smaller nearby spring; both issue from Cretaceous limestone. Ojo de Carbon A contains higher Ca, Mg, HC03 and SO4 than Ojo de Carbon B, and both contain more of these constituents than Amatitlanes. TDS for these two springs are increased two-to three-fold over that of Axocopan.
The high-C1 group (Ixtatlala A and B) consists of a spring and a holding tank next to the spring. The spring issues two meters from the holding tank, and the waters vary in temperature by five degrees Celsius (50 and 45"C, respectively The similarities and differences mentioned above are also demonstrated by C1 variation diagrams (Figs. lla-e). All graphs show the three distinct chemical groupings, although the differences are less pronounced in the S04/Cl plot (Fig. lle) . The transitional chemistries of the two springs near Oaxtepec indicate mixing between the high-B and the low-C1 waters flanking Popocatr5petl, particularly in the B/C1, Li/Cl, and Br/CI diagrams (Figs. l l a , b, and c, respectively). These mixing relations are less obvious in the F/Cl plot (Fig. lld) .
The SOdCl diagram separates all of the individual spring chemistries. We note that Ojo de Carbon A and B, which issue less than a kilometer apart, are strikingly different in SO4 content, indicating different flow paths and degrees of rock-water interaction. The high-C1 waters at Ixtatlala are unique in all of the plots of Figure 11 .
Because it is known from regional geology that carbonate and evaporite strata probably underlie Popocatkpetl Volcano, all waters were plotted on molar diagrams to evaluate equilibrium relations Figs. l l a through e: C1 variation diagrams for spring waters. Three types of waters are highlighted in all graphs except SO&l (lle). Br, Li, and B show mixing trends between the low-C1 waters and the high-B waters. Ixtatlala A and B are the most mineralized of all waters sampled and comprise a high-C1 group. with gypsum and gypsum + carbonate (Figs. 12a and b, respectively). Both plots show basically the same results; all waters contain an excess of divalent cations relative to HC03 and SO4. This indicates that there is another source of Ca, Mg, and Sr other than interaction with carbonate and sulfate minerals (e.g., calc-alkaline volcanic rocks or older crystalline rocks). However, the plots also show that evaporites and carbonates supply most or all of the dissolved HC03 and SO4, Low-C1 waters fall on equilibration trends in both plots. These waters indicate varying amounts of equilibration with regional strata underlying the Tertiary to Quaternary volcanoes. Although Ixtatlala A and B fluids plot near the same trend as other regional waters in Figure 12 , Ixtatlala waters are uniquely high in C1 (Fig. 11) . The C1-rich water probably has a deeper source than other regional waters, possibly obtaining its C1 from pre-Cretaceous metamorphic rocks. I Compared with the other spring waters, Amatitlanes contains much higher NO3 (-7.25 ppm) and also relatively high As (-0.045 ppm). Arsenic is toxic in small amounts; US drinking I standards place limits of 0.050 ppm for humans I and 0.2 ppm for livestock (Hem, 1992) . Arsenic : is present in pesticides, which might enter the groundwater system through runoff or waste dis- The high-B group of waters (Agua Hedionda, Oaxtepec, etc.) does not display the same geochemical characteristics as Ixtatlala. For example, the other springs near Oaxtepec discharge mixtures of high-€3 and low-C1 fluids (Fig. 1 l) , and the high-B waters contain more HC03 relative to SO4 than other fluids in Fig. 12b . Therefore, a unique high-B aquifer exists in the Oaxtepec area.
Trace Element Chemistry of Spring -Waters Spring waters will again be approached in groups for analysis of trace component data. The low-C1 springs show the most variability, whereas high-C1 and high-B groups seem to be more consistent.
perature geothermal waters at concentrations 21 ppm and in many waters circulating in S-rich sedimentary rocks.
Ojo de Carbon A and B show similar trace element chemistry to one another and are fairly dilute. Atotonilco 1 has somewhat elevated NO3 (-4 ppm) compared with Atotonilco 2 (-1 ppm). Both springs contain moderate A1 (-0.40 ppm) and As (-0.032 ppm) levels.
Aluminum in concentrations over 1 ppm is believed to represent particulate matter in the form of aluminum hydroxide or aluminosilicate. Gibbsite crystals down to 0.1p.m have been found to have chemical and physical stability in neutral waters (Hem, 1992) . Because the waters were collected either unfiltered or filtered with 0.45pm filter paper, elevated A1 in these samples could represent particulate matter. Elevated A1 can also be found in thermal waters due to increased reactivity of the fluids.
Compared with the rest of the springs, the high-C1 group contains the highest levels of Al, As, and Mn, and relatively high NH4; otherwise, its trace element contents are low. High-B springs contain elevated A1 and NH4 but otherwise are also low in trace components.
Stable Isotopes and Recharge Elevations
Stable isotope and tritium data for all springs sampled in June 1995 are listed in Table 7 , and results are compared in Figs. 13 and 14. Although this is a rather small data set, the results are interesting. Three cold low-C1 springs (Axocopan, Ojo de Carbon A, and Ojo de Carbon B) plot very close to the world meteoric water line (WMWL) defined by Craig (1961) . Axocopan water issues from volcanic rocks, as noted previously, and is probably recharged on the middle to lower flank of the volcano. One sample from a cold spring near the summit of Popocatdpetl yielded very depleted isotope values (6D = -125%0 and 6l80 = -20.2%0), indicating that the summit area is not a viable recharge zone for the other waters of this study.
The high-B and high-C1 waters are considerably more enriched in deuterium than the cold waters, indicating that the former are recharged at lower elevations than the latter. As noted before, chemical similarities exist between spring waters like Ojo de Carbon A and Ixtatlala, which appear to interact with regional carbonate and evaporite rocks. However, these springs have very different isotopic signatures. Ixtatlala has considerably more enriched isotopic composition, which indicates that a major component of Ixtatlala water is recharged at a much lower elevation.
Based on GD/elevation gradient relations observed at other volcanic areas (-2%~/100m, Vuataz and Goff, 1986; Janik et al., 1992) , the high-B and high-C1 waters are recharged at about 500 m lower elevation that the cold waters. The high-B and high-C1 waters also show small 6 l 8 0 enrichments of 51.5%~ relative to the WMWL, indicating some rock-water isotopic exchange, which occurs more easily at lower temperatures (1100°C) in carbonate-rich rocks than in silicate rocks.
Tritium and Relative Age
Tritium contents for the samples analyzed range from 0.15 to 0.6 TU, which is less tritium than typical concentrations (2 to 4 TU) measured in recent Central American rain . This indicates that the spring waters are probably older than about 50 years based on tritium-age relations presented in Goff et al. (1991) . Ixtatlala, whose water type appears to be the most geothermal in character, has an apparent maximum mean residence time of about 400 years. No relation between any of the three water types is observed in a plot of tritium vs. C1 (Fig. 14a) . Water from Ojo de Carbon B has slightly lower salinity and higher tritium than water from the nearby site A. Even though Axocopan is recharged from the flank of the volcano, this spring also shows relatively low tritium. A plot of tritium vs. SO4 (Fig. 14b) (Fig. 14) but are not on the same mixing trend as other regional waters.
Obviously, regional waters interact with carbonate and evaporite rocks and mix with other fluids to yield the high-B derivatives as observed in Figs. 11 and 12. The maximum mean residence time of some regional waters is rather long. Based on a well-mixed reservoir model , tritium indicates an average age (or mean residence time) of at least 1000 years for some fluids in this region.
Gas Geochemistrv
Three springs discharge visible but diffuse gases (Fig. 10) . Weak discharges usually suggest that the gases are in equilibrium with spring waters at their discharge temperature and do not represent " 0 100 200 300 400 500 600 deep equilibration. Although the gases at these sites contain substantial C02 (250 mol-%) and I smell of H2S, they contain relatively little H2S and I contain significant quantities of the air components ! (N2, 0 2 , and Ar, Table 8 ). The 613C-C02 values : for the gas samples (Table 7) for the different spring waters are listed in Table 9 . Li, and WMg geothermometers, which best estimate low-temperature equilibrium or low temperatures due to reequilibration. Based on these calculations, it is our opinion that all spring waters of this study equilibrated at temperatures 160°C.
Mixed waters discharging at Ixtatlala (highest temperature and C1) seem to partially evolve from a small, relatively C1-rich reservoir having the highest equilibration temperatures. This reservoir probably circulates within the Paleozoic metamorphic rocks shown schematically in Figure 15 .
Comparison with High-Temperature Geothermal Fluids
Spring waters and gases from the Oaxtepec area and Ixtatlala, although having thermaVmineral components, are distinctly different from waters and gases derived from high-temperature geothermal systems (2200°C). In Table 10 we compare these water and gas compositions with typical hightemperature fluids from Guatemala (Zunil), Costa Rica (Miravalles), and New Mexico (Valles caldera). Generally, high-temperature waters tend to have high contents of Si02 and "key" trace components (As, B, Br, Li, Rb, Cs), low Na/K ratios (typically <lo by weight, but sometimes <5), low Ca + Mg + Sr concentrations, and C1 as the major anion (see Goff and Gardner, 1994 
Hydrothermal Model
A schematic north-south cross section through the highest temperature spring (Ixtatlala) and the summits of Popocatkpetl and Iztaccihuatl is shown in Figure 15 . Little is known about the detailed subsurface geology of this region because few deep wells have been drilled. -Fucugauchi, 1992) , fault circulation in Paleozoic rocks, and contact with carbonate strata are plausible explanations for the weak thermavmineral character of the Ixtatlala waters. If this reservoir is equilibrated at 6OoC, its depth can be no more than 1-2 km based on expected geothermal gradients, thermal conductivities, and hydrologic conditions for this type of geothermal region (Goff and Decker, 1983 ).
We show a hypothetical (in this case, "blind") hydrothermal system beneath Popocat6petl, recognizing that such systems frequently circulate in large, active stratovolcanoes Rowe et al., 1995) . However, there is no direct evidence that a hydrothermal system exists beneath Popocatepetl, other than the presence of hydrothermally altered limestone xenoliths in some Popocatkpetl lavas. The geochemistry of the thermavmineral waters in the surrounding region indicates no connection with a central volcanichosted, hydrothermal system, if such a system exists.
V. CONCLUSIONS
Monitoring of gas emissions at Popocatkpetl during the year of the onset of new eruptive activity shows major variations in fumarolic discharges. Preferential degassing of CO2, C1, and As, seen in alkaline trap data for the early months of 1994, is followed by significant increases in S, F, and Hg flux by mid-year. Data from the June-July sampling periods show highs for all measured components relative to C1 and corresponding highs in the SO2 flux measured by COSPEC. These highs also correlate with increased seismicity and with 634S values of 1.5 to 6.5%0, which are consistent with "normal" volcanic z~~~S -S O~ of 0 to 10%0. For two months prior to the eruption on December 21,1994, samples had increasing Statal, C03, F, and C1 concentrations along with decreasing 634S values (toward mantle composition).
The combined chemical and isotope trends probably reflect accelerated release of volatiles from rising magma and a more primordial origin for the sulfur gases. We suggest that the trends could result from injection of volatile-rich mafic magma into an existing, more silicic chamber beneath PopocatCpetl. Such injections are consistent with chemical and textural evidence of magma mixing observed in previous eruptive products. This injection could be a precursor to the onset of eruptive activity that began in December 1994. However, the sulfur isotope results do not preclude a small contribution of heavy sulfur derived from regional Cretaceous evaporite deposits (i334S = +16.4%0 for local gypsum). Some Popocatkpetl eruptions (e.g., the andesite flow of about 2100 B .P.) contain abundant xenoliths of Cretaceous sedimentary rocks.
Regional spring waters sampled between May 1994 and June 1995 show no immediate impact from renewed volcanic activity at PopocaGpetl, and each spring maintains reasonably constant composition throughout the time period. Waters were found to fit in three distinct chemical categories: low Cl, high B, and high C1. Mixing relations are evident between the high-B and low-C1 waters. The data show that all thermaVminera1 spring waters interact with a widespread unit of Cretaceous marine rocks exposed south of the volcano. High-B waters from the Oaxtepec area mix with regional waters in Cretaceous rocks. High-C1 waters at Ixtatlala interact with Cretaceous strata but probably originate from underlying crystalline rocks. Deuterium and l80 relations show that most mineralized fluids are recharged at elevations significantly lower than the higher flanks of Popocat6petl. Tritium contents indicate that mineralized fluids have maximum mean residence times as great as 1000 years. Chemical geothermometers for liquid and gas samples indicate subsurface equilibration temperatures of 560°C. The major and trace element chemistry of mineralized waters shows no resemblance to typical, high-temperature geothermal fluids. The high-B and high-C1 fluids are not derived from a hightemperature geothermal system associated with Popocatkpetl, if one actually exists.
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